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Neutron diffraction and inelastic neutron scattering were used to investigate three-dimensional~3D! antifer-
romagnetic ordering and magnetic excitations in Pr2BaNiO5, a quasi-1D mixed-spin antiferromagnet. Three
distinct features of the magnetic excitation spectrum were observed above the Ne´el temperatureTN : a strongly
1D gap excitation propagating on the Ni chains, a single-ion crystal-field transition associated with Pr31, and
a strongly temperature-dependent mixed Pr-Ni magnetic-exciton band. Ni-chain modes persist in the 3D
ordered phase, and the energy gap increases with decreasingT belowTN . The magnetic-exciton band under-
goes a complete softening at the antiferromagnetic zone center asTN is approached from above, driving the
magnetic phase transition.@S0163-1829~96!08433-0#

I. INTRODUCTION

Interest in low-dimensional magnetism has been greatly
renewed by the theoretical work of Haldane,1 who predicted
that an integer-spin Heisenberg antiferromagnetic~AF! chain
should have asinglet ground state, exponentially decaying
correlations, and agap in the magnetic excitation spectrum.
The Haldane conjecture is now supported by numerous nu-
merical results.2–5 Several examples of real quasi-one-
dimensional~quasi-1D! systems with a Haldane gap have
been studied by now~for a comprehensive reference list see
Ref. 6!. Since the first discovery of the Haldane gap in
CsNiCl3,

7–10 most of the experimental work was done on
NENP ~Refs. 6, 11 and 12! and other organometallic
compounds,13–17 which often have extremely weak inter-
chain interactions and are therefore good examples of 1D
systems.

Darriet and Regnault18 and DiTusaet al.19,20were the first
to observe a Haldane gap in a metal oxide compound,
namely, Y2BaNiO5. Y 2BaNiO5 is a member of a large fam-
ily of linear-chain compounds with the general formula
L2BaNiO5 (L5Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, and
Tm!.21,22 In these species stacks of distorted NiO6 octahedra
share apical oxygens to form antiferromagnetic (S51 for
Ni21! chains along thea axis of the orthorhombic structure
@space groupImmm, Fig. 1~a!#. In the caseL5Y ~nonmag-
netic L) the interaction between the Ni chains is negligible.
No long-range magnetic order is observed at low tempera-
tures and the system appears to be a perfect Haldane-gap
antiferromagnet.18–20 In all other L2BaNiO5 speciesL is a
magnetic rare-earth ion, which, interacting with the Ni21

spins, leads to 3D AF ordering, with Ne´el temperatures rang-
ing 24–50 K~see Ref. 23 and references therein!.

It is well known that, provided the intrachain interactions
are dominant, the onset of 3D long-range magnetic order
does not eliminate Haldane-like behavior above the Ne´el

temperatureTN .
7–10,24–26Nevertheless, Y2BaNiO5, being a

near-perfect model 1D system, appeared to be of a greater
immediate fundamental interest than the otherL2BaNiO5
species, which were largely ignored, as far as the spin dy-
namics is concerned. The present work deals with neutron
scattering studies of Pr2BaNiO5, a recently synthesized
member of theL2BaNiO5 family.

27 Our main goal was to

FIG. 1. ~a! L 2BaNiO5 chemical unit cell, showing the NiO6
octahedra stacked along thea crystallographic axis.~b! Structural
relation between the Ni and rare-earth sites in Pr2BaNiO5. The
heavy lines show the possible Ni-Pr and Pr-Pr superexchange path-
ways. The arrows indicate the orientation of ordered moments in
the 3D antiferromagnetic phase.~c! Temperature dependence of
(0.5,0,1.5) magnetic Bragg peak intensity measured in
Pr2BaNiO5 single crystal.
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observe Haldane-like gap excitations in this material and in-
vestigate how they are influenced by the antiferromagnetic
phase transition. We demonstrate that 1D Ni-chain magnetic
gap excitations are indeed present in Pr2BaNiO5 above the
Néel temperatureTN524 K and persist in the low-
temperature 3D antiferromagnetic phase. Unlike what is seen
in CsNiCl3,

7–10,25 an extensively studied system with
Haldane gap modes and 3D AF ordering belowTN54.8 K,
the Ni-chain modes in Pr2BaNiO5 do not soften at the tran-
sition temperature and survive as 1D gap excitations in the
3D phase.

What makes Pr2BaNiO5 especially interesting and, in a
way, exotic, is the unusual mechanism of magnetic ordering.
Due to the low site symmetry, Pr31 ions in Pr2BaNiO5

should have a nonmagnetic ground state. We find that the
onset of 3D Ne´el order is driven by a temperature-dependent
dispersion of a Pr-Ni magnetic-exciton band. The finite mo-
ment on Pr is thus induced by exchange interactions with
other magnetic ions. We simultaneously observe spin excita-
tions of the Ni-O chains that have a gap consistent with
Haldane’s conjecture and a separate Pr-Ni mixed-spin mode.
Long-range magnetic order is induced by interactions be-
tween two nominally nonmagnetic subsystems: quenched-
moment rare-earth ions and quantum-disordered spin chains.

II. EXPERIMENT

Single crystals of the linear-chain phase of Pr2BaNiO5

were prepared by skull melting, as described elsewhere.27

The largest single-crystal sample obtained
(43434 mm3), was just large enough for inelastic neutron
scattering experiments. As mentioned above, the crystal
structure is orthorhombic, space groupImmm, a being the
Ni-chain direction, with the room-temperature cell constants
a53.85 Å ~intrachain Ni-Ni distance!, b55.96 Å, and
c511.70 Å.

Single-crystal magnetic neutron diffraction data were col-
lected at the H6 spectrometer at the High Flux Beam Reactor
~HFBR! at Brookhaven National Laboratory in a four-circle
geometry using al51.1 Å neutron wavelength. Inelastic
neutron scattering experiments were carried out at the H4M,
H7, and H8 triple-axis spectrometers. For the latter the
sample was mounted with the~0,1,0! reciprocal plane paral-
lel to the scattering plane of the spectrometer, making
(h,0,l )-type wave vectors accessible. In all cases the use of
standard or two-stage Displex refrigerators allowed us to per-
form the measurements in the temperature range 5–100 K.

For the inelastic measurements several experimental set-
ups were exploited. PG~pyrolitic graphite! ~0,0,2! reflections
were used for monochromator and analyzer. In most cases a
fixed final neutron energyEf514.7 meV was used, with a
PG filter positioned after the sample to eliminate higher-
order beam contamination. To meet the conflicting needs of
resolution and intensity, 408-408-408-408 ~setup A! and
408-808-808-408 ~setup B! collimations were utilized. Alter-
natively, fixed incident-energy experiments (Ei530.5 meV
for setup C andEi541 meV for setup D! were performed
using 408-808-408-808 collimations and a PG filter in front of
the sample.

III. RESULTS AND DATA TREATMENT

Magnetic order is revealed by the appearance of Bragg
reflections of the type„(2m11)/2, 0, (2n11)/2… below the
Néel temperatureTN524 K.28 The temperature dependence
of the ~0.5,0,1.5! peak is shown in Fig. 1~c!. The analysis of
diffraction data, collected atT58 K, shows that
Pr2BaNiO5 has basically the same type of collinear mag-
netic structure as Nd2BaNiO5, studied previously by Sachan
et al.23 Both Ni and Pr ordered moments are in the (a,c)
plane and are nearly perpendicular to the Ni-O chains, form-
ing an angle of'9.5° with thec crystallographic axis. At
T58 K the ordered moments on Ni21 and Pr31 sites were
found to be 1.1mB and 1.3mB , respectively. A more detailed
analysis of the crystal and magnetic structure will be pub-
lished elsewhere.27

Figure 1~b! schematically shows the structural relation be-
tween the Pr and Ni sites. Several Ni-O-Pr superexchange
pathways may exist in the structure. The most potent one
links the Ni sites to rare-earth ions via the equatorial oxygen
positions of the NiO6 octahedra, as shown in Fig. 1~b! with
solid lines. The~antiferromagnetic! effective Ni-Pr exchange
integral is expected to be relatively large, thanks to the fa-
vorable Ni-O-Pr bond angle ('180°). Other Ni-O-Pr super-
exchange routes~not shown! involve the apical or equatorial
oxygens of the NiO6 octahedra and couple each Pr ion to
two adjacent Ni sites in the nearest Ni-O chain. These bonds
are frustrated by the antiferromagnetic correlations which ex-
ist within the Ni chains. In addition, the corresponding inter-
actions are expected to be small~Ni-O-Pr angles close to
90°). The 3D spin network is completed by nearest-neighbor
Pr ions that are coupled via the apical oxygen of the nearest
Ni-O chain @also shown in Fig. 1~b!#.

Typical inelastic constant-Q scans, collected near the 3D
AF reciprocal-space points atT530 K ~aboveTN524 K!
using setups A and B, are shown in Fig. 2. They demonstrate
three distinct features of the magnetic excitation spectrum.
As will be argued in the following sections, the peak seen at
\v'11 meV corresponds to strongly 1D Haldane-like gap
modes in the Ni-chain subsystem~although this mode has a
strong dispersion, it will be referred to as the ‘‘11 meV’’

FIG. 2. Constant-Q scans taken at 30 K in the vicinity of the 3D
AF zone centersQ5(0.5,0,21.6) ~a! andQ5(1.5,0,20.6) ~b! in
Pr2BaNiO5. The 11 meV peak has also been observed at
Q5(0.5,0,21.6), but appears weaker due to a strong defocusing at
this position. The solid lines are guides to the eye.
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excitation!, without contributions from Pr moments. The
'3.5 meV feature is identified as a predominantly single-ion
crystal-field~CF! transition in Pr31. Finally, the low-energy
peak is associated with a mixed-spin magnetic-exciton band,
propagating on both the Ni and Pr sites.

A. Ni-chain gap excitations

In this section we first give a qualitative discussion of the
observedQ dependence in the Haldane-like Ni-chain excita-
tions atT530 K. This is followed by subsections describing
the quantitative analysis of the experimental data and the
measured temperature dependence.

1. Q dependence

True Haldane-gap excitations carry a spin ofS51 and are
therefore threefold degenerate. The triplet is usually split by
single-ion anisotropy. Since Darriet and Regnault first pub-
lished their results for Y2BaNiO5,

18 the Ni-site anisotropy
was believed to be of easy-plane character and the Haldane
triplet split into a doublet of modes polarized perpendicular
to the Ni chains withD''10 meV and a singlet excitation
polarized along thea crystallographic axis withD i'17
meV. More recent studies29,30 unambiguously show that the
anisotropy is of easy-axis type, and the longitudinal mode is
found at much lower energy, withD i'7 meV.

The cummulative polarization factor for the inelastic in-
tensity in the two transverse-polarized branches is given
by18,6

P'~Q!511
1

11~Q' /Qi!
2 , ~1!

whereQi andQ' stand for the components of the scattering
vector along and perpendicular to the chain direction, respec-
tively. If the sample is mounted on a three-axis spectrometer
with the (a,c) plane horizontal, the mode polarized along the
c axis has a polarization factor given by the second term on
the right-hand side of Eq.~1!, and the intensity is therefore
largest nearQ'50. The other transverse excitation~polar-
ized alongb) should have no polarization dependence. The
polarization factor for the longitudinal branch is given by

Pi~Q!5
1

11~Qi /Q'!2
, ~2!

and the measurements have to be performed at large
Q' /Qi To satisfy this condition and still remain on the 1D
AF zone-center planes one has to go to large values of
Q' .

In Pr2BaNiO5 atT530 K the ‘‘11 meV’’ excitation has a
strongly anisotropic dispersion that is parabolic about the 3D
AF reciprocal-space points. The dispersion was found to be
very steep along the Ni-chain axisa* . The energy-integrated
intensity decreases rapidly as one moves away from the half-
integer-h planes~1D AF zone-center planes! in reciprocal
space. This is illustrated in Figs. 3~a!, 3~b!, and 3~c!, which
show constant-Q scans measured using experimental setup B
atQ5(1.5,0,20.2), (1.52,0,20.2), and (1.53,0,20.2). The
dispersion along thec axis is small@Figs. 3~a! and 3~d!#. The
inelastic intensity shows only a monotonous decrease in this
direction ~Fig. 4!. Although thisQ' dependence is largely

due to the combined effects of resolution defocusing and
magnetic form factor for Ni21 ~see below!, the broad peak at
Q'50 indicates that we are dealing with transverse-
polarized excitations. It is very important to note that no
3D-structure factor-like dependence~which one could ex-
pect if both Ni and Pr spins were contributing! was found in
the ‘‘11 meV’’ peak. The observedQ dependence of the
excitation energy and intensity is totally consistent with our
expectations for 1D Haldane-like transverse-polarized gap
modes propagating on the Ni chains. This is supported by the
observation that the gapD'11 meV in Pr2BaNiO5 is close
to the transverse Haldane gapD'10 meV in Y2BaNiO5.

We have also attempted to observe the longitudinal-
polarized Ni-chain mode in Pr2BaNiO5 around (0.5,0,24)
and (0.5,0,26), but without any success. Although this ex-
citation may indeed be absent, it may also be simply very
difficult to see in the small sample we have. Indeed, in the
geometry required to observe the longitudinal mode~large
Q') magnetic inelastic intensities suffer a severe attenuation
caused by the magnetic form factor and resolution effects
due to the crystal mosaic.17

2. Analysis of the dispersion relation

To quantitatively analyze the measurements, we adopt a
form of the dynamic structure factorS(q,v) successfully
applied in the study of other Haldane systems:6,17

S~q,v!5
S0j/G

11qi
2j21~v2vq!

2/G2 . ~3!

Here q is measured relative to a 1D AF point
„(2n11)/2,k,l … ~integern, k, andl ) andi denotes the com-
ponent along the chain axis;j is the intrachain spin correla-

FIG. 3. Constant-Q scans measured in Pr2BaNiO5 single-
crystal sample atT530 K at several wave vectors close to the
(1.5,k,l ) 1D zone-center plane. The peak corresponds to 1D
Haldane-like gap modes propagating on the Ni sites. Open circles
and the dashed line represent the background measured at
Q5(1.7020.2). The solid lines show fits to the model cross sec-
tion obtained using three-axis deconvolution analysis and the model
cross section defined by Eq.~4! and Eq.~3!.
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tion length,G the intrinsic energy width, andS0 is an overall
scale factor. The dispersion is approximated by

~\vq!
25D21c0

2qi
21DE

2@11cos~cq'!#2/4, ~4!

whereD is the value of the Haldane gap,c0 is the spin-wave
velocity along the chains, andDE is related to the magnitude
of the dispersion alongc* . After convoluting the cross sec-
tion ~3! with the four-dimensional (E,Q) spectrometer reso-
lution function, parameter values were determined by a glo-
bal least-squares fit to a series of constant-Q scans measured
at T530 K for wave vectorsQ5(h,0,l ) in the range
1.46<h<1.54 and21< l<0 using collimation setup B. A
fitting to 240 experimental data points converged to the fol-
lowing set of parameters:D510.4(0.1) meV, 1/j
50.08(0.03) Å21, G50.9(0.1) meV,c05200(11) meV Å,
and DE52.5(0.8) meV, withx250.95. The solid lines in
Fig. 3 show examples of intensity profiles calculated from
the refined parameter values.

Figure 5 shows the dispersion relation~heavy line! and
constant-intensity contours~thin line! calculated using the
refined parameter values and convoluted with the three-axis
resolution function, illustrating just how strong the resolution
effects are. The calculated positions of intensity maxima in
constant-Q scans are represented by the dotted line in Fig.
5~a!. The solid circles in both Figs. 5~a! and 5~b! stand for
the actually observed peak positions.

After taking into account quantum renormalization cor-
rections for the spin-wave velocity of anS51 linear Heisen-
berg AF system, we obtain an estimateJ5c0 /(2.7a)'223
K for the effective intrachain Ni-Ni exchange constant. This
value is slightly smaller thanJ5285 K for Y2BaNiO5.

31 It
is very important to note that the relationD'c0 /j, a univer-
sal property of Haldane-gap systems,3–5 is qualitatively sat-
isfied by the refined parameter values. The measurements of
the transverse dispersion provide a rough estimate6 for the
effective interchain exchange constantuJ8u'531024uJu at
T530 K, which is at least one order of magnitude too small
to induce any long-range order.25 This is indeed surprising,
since the materialdoes order in three dimensions at
TN524 K.

FIG. 4. Constant-energyl scan forQ5(1.5,0,l ), \v511 meV
measured in Pr2BaNiO5 atT530 K ~a!. A similar scan collected at
T520 K, \v512 meV ~b!. The lines represent theQ dependence
expected for Haldane-gap excitations polarized along theb ~dotted
line! andc ~solid line! crystallographic axes.

FIG. 5. Constant-intensity contours in„h,(\v)… and „l ,(\v)…
space for the Ni-chain mode, simulated using Eqs.~4! and ~3!, the
refined parameter values, and the known spectrometer resolution
function. The heavy line shows the experimental dispersion rela-
tion. The dotted line in panel~a! shows the calculated positions of
intensity maxima in constant-Q scans. Solid circles on both panels
mark the actually observed peak positions~Pr2BaNiO5, T530 K!.
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3. Analysis of constant-energy scans and polarization

The analysis of constant-E scans that span a wide range
of momentum transfers~like those shown on Fig. 4! requires
taking into account the Ni21 magnetic form factoru f (Q)u2
and the magnon-polarization factorP'(Q) for the scattering
cross section of unpolarized neutrons. Equations~3!, ~4!, and
each of the right-hand-side terms in Eq.~1! combined with
the Ni21 form factor,32 the 4D resolution function, and the
parameters previously determined from the analysis of
constant-Q scans~see above!, were used to fit the data col-
lected in the constant-E scan at \v511 meV,
Q5(1.5,0,l ), shown in Fig. 4. An overall scaling factor was
the only adjustable parameter. Since theQ' dependence of
the inelastic intensity is mostly due to resolution and form
factor effects, the quality and quantity of available data pre-
vent us from unambiguosly separating the contributions from
modes polarized along theb andc axes. Using polarization
factors for either of these modes produces fits which are in
reasonable agreement with experiment~Fig. 4, solid and
dashed lines!. We do note, however, that theQ' scan col-
lected atT530 K @Fig. 4~a!# is more sharply peaked around
Q'50 and appears to be quantitatively inconsistent with the
profile calculated for a single mode polarized alongb, sug-
gesting a significant contribution from ac-polarized excita-
tion. A more reliable polarization analysis requires the use of
a polarized neutron beam. Unfortunately, our sample is not
large enough to perform a polarized-neutron experiment, in
which the incident flux is at least an order of magnitude
smaller then when using unpolarized neutrons.

4. Temperature dependence

Figure 6 shows the observed evolution of the ‘‘11 meV’’
excitation in Pr2BaNiO5 as the sample was cooled down
through the transition temperatureTN . The ‘‘11 meV’’ fea-
ture is still present in the ordered phase. Its intensity de-
creases on cooling with no change in energy width. The peak
energyincreaseswith decreasing temperature belowTN . At
T.TN the opposite behavior is observed: The peak shifts to
slightly higher energies, broadens, and weakens with increas-
ing temperature. It could not be observed atT.75 K.

The data were analyzed by fitting the cross section~3!
convoluted with the spectrometer resolution function to
constant-Q scans measured using setup B at different tem-
peratures. The parametersc0 andj were assumed to be tem-
perature independent and the previously obtained 30 K val-
ues were used. These constants are needed only to take
proper account of the resolution effects, and the assumption
should not affect the fitting results. Since only individual
scans at the sameQ position were analyzed, the parameter
DE was set to be zero. Therefore, the refined gap value,
plotted against temperature in Fig. 7~a!, accounts for both the
actual energy gap at the dispersion minimum~at the 3D AF
zone center! and the effect of a finite dispersion perpendicu-
lar to the chain direction. It is important to emphasize that
the transverse dispersion shows no temperature dependence,
i.e., remains very small even in the ordered phase@Fig. 7~a!#.

The temperature dependence of the energy-integrated in-
tensity in the Ni-chain modes is shown in Fig. 7~b!. Above
TN a gradual decrease of intensity with increasing tempera-
ture is observed. This behavior is typical of Haldane-gap

antiferromagnets~see, for example, Ref. 13!. In contrast, the
intensity decreases abruptly on cooling belowTN524 K,
roughly by a factor of 2, but rapidly levels off and remains
constant belowT520 K.

The Q' dependence of the inelastic intensity in the or-
dered phase@Fig. 4~b!# is very similar to that observed above
the Néel temperature@Fig. 4~a!#. The only visible difference
is that the profile appears to be less sharply peaked around
Q'50.

B. Single-ion crystal-field excitation in Pr31

We now turn to the excitation represented by the peak
centered atDCF'4 meV in the constant-Q scan shown in
Fig. 2. In the entire temperature range studied, this mode
shows practically no dispersion either along or perpendicular
to the Ni chains. This is illustrated by Fig. 8, which shows
typical constant-Q scans atQ5(h,0,21.5) measured for
several values ofh atT530 K. The solid lines show empiri-
cal Gaussian fits with a sloping background~dotted lines!.
The energy-integrated intensity of the ‘‘4 meV’’ feature
shows only a smooth form-factor-like decrease at large mo-
mentum transfers. All of the above, together with the fact
that no similar excitations were observed in Nd2BaNiO5
~Ref. 33! and Y2BaNiO5 ~Refs. 19 and 20!, suggests that the
4 meV mode corresponds to a single-ion~dispersionless!
crystal-field transition in Pr.

FIG. 6. Example constant-Q scans showing the Ni-chain gap
excitation in Pr2BaNiO5 at several temperatures above and below
the ordering temperatureTN524 K. The solid lines represent fits
obtained with three-axis deconvolution analysis.
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The energy-integrated intensity in the CF excitation is
plotted against temperature in Fig. 9. As expected for a
single-ion CF transition, the cross section decreases rapidly
with increasingT. The degeneracy of the nineJ54 Pr levels
is completely removed by the low symmetry of the crystal
environment. This allows for a multitude of CF transitions
and our data are not sufficient to assign the observed feature
to any particular one. In any case a singlet-to-singlet transi-
tion is expected. As a reference, the solid line in Fig. 9 shows
the behavior expected for a singlet-singlet excitation in a
two-level system. The obvious disagreement with experi-
ment is most likely due to the presence of several low-energy
CF levels that are ‘‘hidden’’ from neutron scattering experi-
ments by selection rules. Alternatively, the ‘‘4 meV’’ peak
may actually represent several overlapping modes. No
temperature-induced broadening is observed in the single-ion
CF excitation in Pr2BaNiO5 and the peak remains resolution
limited between 5 and 150 K. The excitation energy shows
only a smallT dependence, decreasing slightly with tempera-
ture ~Fig. 10, open circles!.

C. Mixed Pr-Ni magnetic-exciton band

Perhaps the most interesting finding of this work is the
lower-energy feature centered at'1.5 meV in the energy

scan shown in Fig. 2. Near the AF zone centers this mode is
observed only atT.TN , has a highly anisotropic dispersion,
and shows a strong temperature dependence in both disper-
sion and energy-integrated intensity.

1. Structure-factor dependence

The key feature of the low-energy excitation is the strong
Q dependence of its cross section. The energy-integrated in-
tensity of the 1.5-meV AF zone-center peak measured in
several Brillouin zones atT530 K follows the intensity pat-
tern of the magnetic Bragg peaks observed at 10 K, as shown
in Table I. This result indicates that the
„(2m11)/2,0,(2n11)/2… (m,n integer! eigenvectors of the
low-energy band are similar to the structure factor of the
ordered state, with comparable amplitudes coming from Pr
and Ni. On the other hand, the absence of similar excitations
in the otherwise similar Nd2BaNiO5 ~Ref. 33! suggests that
the mode is associated with a crystal-field transition in Pr. As
will be discussed below, this mode acquires a pronounced
dispersion and structure-factor dependence due to the ex-
change coupling between Ni and Pr spins.

FIG. 7. Measured temperature dependences of the energy gap in
the Ni-chain modes in Pr2BaNiO5 ~a! and their energy-integrated
intensity ~b!. The solid lines are a guide to the eye.

FIG. 8. Example constant-Q scans showing the single-ion
crystal-field excitation in Pr2BaNiO5 at different wave vectors,
T530 K. The solid lines are empirical Gaussian fits with a sloping
background~dotted lines! .
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2. Dispersion at T530 K

Magnetic excitations of dual nature~a mixture of single-
ion CF transitions and spin waves with a substantial disper-
sion! are known as magnetic excitons and have been studied
previously in several systems including Pr metal34–36 and

Pr2CuO4.
37 The energy of a single-ion CF excitation can be

lowered by intersite exchange interactions. This introduces
dispersion of the excitation bands, which in real space may
be viewed as a single-ion excitation hopping from site to site.

The dispersion in the lower-energy magnetic-exciton band
was investigated in the vicinity ofQ5(0.5,0,21.5). Several
typical constant-Q scans, collected atT530 K for different
wave vectors, are shown in Fig. 11. The scans were analyzed
by fitting the raw data with empirical Gaussian profiles. For
each scan three Gaussians were used: one to account for
incoherent scattering at\v50, one for the single-ion CF
transition centered at\v54 meV, and one for the magnetic-
exciton branch itself. Examples of such fits are represented
by dashed lines in Fig. 11. The component relevant to the
magnetic-exciton band is hatched. For the lack of a well-
parametrized theoretical model cross section describing the
low-energy mode, no resolution-function deconvolution
analysis was performed. The dispersion has a global mini-
mum at the 3D AF points„(2m11)/2,0,((2n11)/2…, as
shown in Figs. 12 and 13. The solid line in Fig. 12 is a guide
to the eye. Perpendicular to the chain axis~Fig. 12! the dis-
persion is relatively small, but significantly larger than that
in the Ni-chain modes. For wave vectors close to
Q5„h,0,(2n11)/2… (h,n integer! the experimental energy
resolution prevents us from resolving the magnetic excitons
and the single-ion CF transition at\v54 meV. The disper-
sion along the Ni-chain axis was found to be significantly
steeper than in the transverse direction~Fig. 13!. Similarly to
what was seen in the Ni-chain mode, the intensity decreases
rapidly as the scattering vector deviates from the 1D AF
zone-center planes. The apparent lack of symmetry about
h50.5 is an artifact due to ‘‘focusing’’ effects associated
with the resolution function. The longitudinal dispersion re-
lation was analyzed by fitting the measuredq dependence of
the inelastic peak position with an empirical quadratic form:

\v~qi!5Ad0
21c2qi

2. ~5!

Hereqi denotes the longitudinal component of the wave vec-
tor relative to the nearest 3D AF reciprocal-space point,d0 is
the energy gap at the dispersion minimum, andc is the spin
wave velocity along the chains. The resulting fit is shown in
Fig. 13 as a solid line. ForT530 K the refined value,

FIG. 9. Measured temperature dependence of the energy-
integrated intensity in the single-ion crystal-field excitation in
Pr2BaNiO5. The solid line shows the expected behavior for a
singlet-singlet transition in a two-level system.

FIG. 10. Measured temperature dependence of the excitation
energy in the single-ion crystal-field~open circles! and magnetic-
exciton ~solid circles! branches in Pr2BaNiO5.

TABLE I. Comparison of inelastic intensities in the magnetic-
exciton band measured at several 3D antiferromagnetic zone centers
at T530 K for \v51.8 meV to the intensities of corresponding
magnetic Bragg peaks measured atT510 K.

(2h 0 2l ) 1.8 meV~a.u.! uF2u (10224 cm!

„1̄ 0 3… 246~29! 2.82
„3 0 3… 133~25! 2.18
~1 0 1! 38~21! 0.22
~1̄ 0 7! 31~21! 0.01
~3̄ 0 1! 30~21! 0.09
~3̄ 0 9! 32~25! 0.75
~5 0 1! 40~20! 0.09
„5̄ 0 3… 175~27! 1.66
~1 0 9! 0~25! 0.01
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c530 meV Å, is substantially smaller than the longitudinal
spin-wave velocityc0 for the Ni-chain modes.

3. Temperature dependence

The dispersion and integrated intensity in the low-energy
band were found to be strongly temperature dependent. This
is illustrated in Fig. 14, which shows several constant-Q
scans collected near the 3D AF point (0.5,0,21.5). Here the
incoherent elastic scattering, represented by a resolution-
limited Gaussian-shaped central component at\v50, has
been subtracted from the experimental data points. The
dashed lines show Gaussian fits. As the Ne´el temperature
TN is approached from above, the gap at
Q5„(2m11)/2,0,(2n11)/2… decreases@Fig. 10~a!#. At
T5TN the energy gap vanishes; i.e., a complete softening
occurs at the 3D AF zone center. The energy-integrated in-

tensity in the low-energy mode decreases rapidly above
T540 K and the inelastic peak seems to merge with the one
associated with the ‘‘4 meV’’ CF transition~Fig. 14!. The
magnetic-exciton band could not be observed atT.50 K.

The softening at„(2m11)/2,0,(2n11)/2… is accompa-
nied by dramatic changes in the whole dispersion branch, as

FIG. 11. Example constant-Q scans showing the magnetic-
excitons ~hatched! and single-ion crystal-field excitations in
Pr2BaNiO5 at different wave vectors,T530 K. The solid lines
represent empirical multiple-Gaussian fits.

FIG. 12. Measured temperature-dependent dispersion in the
magnetic-exciton band perpendicular to the Ni-chain direction in
Pr2BaNiO5. The solid lines are guides to the eye.

FIG. 13. Measured longitudinal dispersion in the magnetic-
exciton band in Pr2BaNiO5 at T530 K. The solid line shows an
empirical parabolic fit.
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shown in Fig. 12. This can also be seen from Fig. 10~solid
symbols!, which shows the temperature dependence of the
excitation energies for several wave vectors. The magnetic-
exciton band does not appear as a gap excitation atT,TN .
Instead, our results suggest that it is replaced by a conven-
tional gapless spin wave with a linear dispersion around the
magnetic Bragg peaks~20 K data in Fig. 12!.

IV. DISCUSSION

A. Soft-mode magnetic phase transition

The temperature dependence of magnetic-exciton bands
has been extensively studied in Pr metal~Ref. 34 and refer-
ences therein!. If the single-ion excitation energy isd, then
within the random phase approximation~RPA! the band en-
ergy is given by34

~\vn,q!
25d222dM2R~T!Jn~q!5d22an~q!R~T!, ~6!

whereJn(q) is the Fourier transform of the appropriate com-
bination of exchange couplings for thenth band, andM
denotes the matrix element for the total angular momentum
operator between the ground and the excited states.R(T) is a
temperature-dependent renormalization factor35,34 that takes
into account the inhibition of excitation hopping~and hence
reduction of the bandwidth! as the thermal population of the
excitons increases. For a singlet-to-singlet transition model,
R(T)5tanh(d/2kT). The temperature dependence observed
in the low-energy excitation in Pr2BaNiO5 can be entirely
understood within this framework. The solid lines in Fig. 10
are fits to Eq.~6! with d53.85 meV and theT dependence
coming from the renormalization factorR. As the tempera-
ture decreases the dip in the dispersion curve deepens and a
complete softening eventually occurs atT5TN . This leads
to a ‘‘condensation’’ of Pr-Ni mixed-spin magnetic excitons
and the appearance of finite static moments on both the rare-
earth and Ni sites. The magnetic excitons themselves are
replaced by conventional Goldstone modes, which reflect the
breakdown of translational symmetry in the Ne´el phase. This
scenario is supported by the correlation which exists between
inelastic energy-integrated intensities atT.TN and magnetic
Bragg intensities atT,TN .

Although soft-mode magnetic transitions have been pre-
viously observed in other compounds such as Pr-Nd alloys38

and Pr metal under uniaxial stress,39 it is a rare and unusual
mechanism of magnetic ordering. What makes the magnetic
transition in Pr2BaNiO5 unique is the mixed-spin nature of
the driving magnetic-exciton band. The in-chain Ni-Ni ex-
change interactions are dominant.40,41 The only feasible ex-
change pathway which would complete a 3D linkage of the
rare-earth ions involves the Ni sites@Fig. 1~b!#. The magnetic
excitons are mixed-spin excitations which reflect correlated
fluctuations of both Ni and Pr moments.

The coexistence of what appears as a single-ion CF tran-
sition in Pr and wideband Pr-Ni mixed-spin excitons is easily
rationalized. With 4 Pr ions per chemical unit cell and 16 per
magnetic cell, a number of exciton bands derived from the
same crystal field excitation may be expected. From this
point of view the single-ion CF transition may be viewed as
an optical magnetic-exciton branch~or several closely over-
lapping branches! with little dispersion and propagating pre-
dominantly on the Pr sites. This is consistent with the appar-
ent merging of the low-energy and single-ion CF peaks at
elevated temperatures: The dispersion in the Ni-Pr magnetic-
exciton band is suppressed and the mode becomes indistin-
guishable from a single-ion CF transition. The temperature
dependence of the ‘‘4 meV’’ excitation~Fig. 10, open
circles! is also perfectly described by Eq.~6!, assuming
d53.85 meV, just like for the magnetic-exciton band.

B. Haldane-like gap excitations in a mixed-spin system

One of the striking results is the apparent independence of
at least some of the Ni-chain modes from the mixed-spin
magnetic-exciton bands and~at low temperature! the gapless
antiferromagnetic spin waves. In fact, this ‘‘decoupling’’ of
the different branches is a natural consequence of the large
anisotropy of exchange constants in the system, the interac-
tion within the Ni-chains being much larger than Ni-Pr and

FIG. 14. Example constant-Q scans showing the temperature
dependence of the magnetic-exciton~hatched! and single-ion
crystal-field branches in Pr2BaNiO5 atT530 K. The solid lines are
empirical multiple-Gaussian fits. For better visibility the Gaussian-
shaped incoherent scattering peaked at\v50 has been subtracted
from the data.
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Pr-Pr coupling.40,41 The Haldane-like excitation may be
viewed as an optical branch in the spectrum of a mixed-spin
system, for which the eigenvector has a vanishingly small
component on the Pr sites. The central question is whether
the Ni-chain modes are a result of the quantum nature of the
system and theintegral valueof the Ni21 spin. The similar-
ity of the behavior observed atT.TN in Pr2BaNiO5 to that
seen in the quantum-disordered Y2BaNiO5 suggests that this
is the case. The same conclusion is supported by the fact that
the dynamic structure factor is very similar to the one calcu-
lated for a Haldane-gap antiferromagnet. To obtain a more
convincing proof, a spin-wave theoretical calculation of the
magnetic excitation spectrum must be performed and the re-
sults directly compared to our neutron scattering data. On the
experimental side, further insight may be obtained by per-
forming field-dependent and polarized-neutron measure-
ments and determining the multiplicity and eigenvectors of
the Ni-chain modes. These approaches have been very suc-
cessful in revealing the purely quantum origin of gap excita-
tions in the 3D ordered phases of CsNiCl3 and related
S51 compounds,8–10,24,42as opposed to ‘‘classical’’ modes
seen in isostructural half-integer spin systems.43–45 Our re-
sults for Pr2BaNiO5 clearly indicate that the observed gap
excitation corresponds to fluctuations of spin components
perpendicular to the chain direction in the crystal, but it re-
mains unclear whether the mode is a doublet~corresponding
to the two transverse Haldane modes! or not. The third com-
ponent of the Haldane triplet, if present, was not observed.
This could be due either to experimetal limitations or to the
coupling of the third component to the Pr spins in the
magnetic-exciton band.

A clue as to what is going on in the ordered phase may be
obtained by carefully considering the temperature depen-
dence of the gap energy and the integrated intensity of the
Ni-chain excitations. Let us assume that atT.TN , just like
in Y 2BaNiO5, the observed'11 meV inelastic peak in
Pr2BaNiO5 is indeed given by two transverse@polarized in
the (b,c) plane# Ni-chain gap modes. In the ordered phase
these two branches may no longer be equivalent, since a
finite static moment appears on the Ni sites and points
roughly along thec crystallographic axis. It is conceivable
that the mode polarized along thec axis should vanish when
the Ni spins become fully ordered. It is known that on cool-
ing through the transition temperature the magnetization on
Ni 21 sublattices inL2BaNiO5 compounds reaches satura-
tion very rapidly and is practicallyT independent below
T1'0.8TN ~Refs. 46, 23, 40, and 41!. It is roughly in the
rangeTN.T.T1 that the energy-integrated intensity of the
gap modes decreases by a factor of 2 upon cooling, remain-
ing constant at lower temperatures. This may reflect the fact
that only one component of the doublet of transverse modes
survives long-range ordering. The scenario is consistent with
the observed differences in theQ' dependence of the inelas-
tic intensity at 11 meV above and below the ordering tem-
perature: In the ordered phase the peak in aQ' scan appears
slightly broader, which may be due to the loss of some in-
tensity originating fromc-polarized Ni-chain excitations.
The suggested picture implies that in the range 20 K
,T,24 K5TN excitations with both transverse polariza-
tions are present. The one polarized alongc in this case
corresponds to spin fluctuationsalong the ordered Ni21 mo-

ments. An excitation of a similar nature has been previously
observed in the ordered phase of CsNiCl3,

8,9 but is absent in
isostructural half-integer spin compounds.43–45

The increaseof the gap in the Ni-chain mode in the or-
dered phase is a separate result. Theoretical models for 1D
gap excitations inS51 antiferromagnetic chains which are
part of a 3D mixed-spin system are yet to be developed. It
appears though that this peculiar behavior is not related to
the soft-mode nature of the magnetic phase transition in
Pr2BaNiO5. This was confirmed recently in inelastic neutron
scattering experiments on Nd2BaNiO5 powder samples.

33 In
this material Haldane-like Ni-chain gap modes were ob-
served above and below the Ne´el temperatureTN548 K.
The temperature dependence of the energy gap is very simi-
lar to that found in Pr2BaNiO5. Nd

31, however, is a Kram-
ers ion and its magnetic moment cannot be totally quenched
by the low site symmetry. The magnetic transition in
Nd2BaNiO5 is presumably of a conventional~non-soft-
mode! type.

We have shown that the gap in the Ni-chain branch in
Pr2BaNiO5 continues to increase with cooling at least down
to T510 K. As noted above, the Ni21 moments are ex-
pected to be saturated belowT520 K and therefore the tem-
perature dependence of the gap energy may not be easily
explained by the temperature dependence in the Ni-order pa-
rameter. One possible scenario for the observed behavior
emphasizes the role of Pr-Ni interactions. TheL31 order
parameter inL2BaNiO5 systems, unlike that of Ni21, in-
creases linearly with decreasingT down to T
'0.2TN .

46,23,41 It is plausible that a steady increase in the
Pr-sublattice magnetization and the consequent increase of
the effective staggered field induced on the Ni sites by
Pr31 moments are the driving force for the temperature de-
pendence of the gap. A full understanding of this phenom-
enon requires new theoretical input.

Considering the temperature dependence of the Ni-chain
Haldane-like gap modes in Pr2BaNiO5 we find that it is
totally different from that in CsNiCl3.

7,8 In the latter com-
pound all three Haldane gap modes present in the 1D phase
undergo a complete softening at the transition temperature.
The two transverse modes are replaced by conventional gap-
less magnons~Goldstone modes! in the ordered phase. In
contrast, at least some of the Ni-chain gap excitations in
Pr2BaNiO5 persist as gap modes atT,TN and do not show
any substantial softening at the transition temperature. They
have a negligible contribution from Pr and, in consequence, a
purely 1D structure factor dependence. These excitations are
therefore not related to the Goldstone modes in the ordered
phase, which, as discussed above, are seen as separate
branches with a cross section that is modulated by a 3D
magnetic structure factor. CsNiCl3, on the other hand, has a
much simpler spin structure than Pr2BaNiO5, with only one
type of spin carrier, and it is inevitable that Haldane-gap
modes and acoustic spin waves are actually one and the same
set of excitations.

V. CONCLUSION

Thanks to the interaction betweenS51 antiferromagnetic
Ni chains and light rare-earth ions, Pr2BaNiO5 shows a very
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rich and unusual magnetic excitation spectrum. Long-range
magnetic order is induced by a softening in a mixed-spin
Pr-Ni magnetic-exciton band. Haldane-like gap excitations,
propagating predominantly on the Ni sites, persist in the 3D
ordered phase. Their temperature dependence is significantly
changed when the Ne´el temperature is crossed.
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